ABSTRACT: A conventional thermal emitter exhibits a broad emission spectrum with a peak wavelength depending upon the operation temperature. Recently, narrowband thermal emission was realized with periodic gratings or single microstructures of polar crystals supporting distinct optical modes. Here, we exploit the coupling of adjacent phononpolaritonic nanostructures, demonstrating experimentally that the nanometer-scale gaps can control the thermal emission frequency while retaining emission line widths as narrow as 10 cm −1 . This was achieved by using deeply subdiffractional bowtie-shaped silicon carbide nanoantennas. Infrared far-field reflectance spectroscopy, near-field optical nanoimaging, and full-wave electromagnetic simulations were employed to prove that the thermal emission originates from strongly localized surface phonon-polariton resonances of nanoantenna structures. The observed narrow emission line widths and exceptionally small modal volumes provide new opportunities for the user-design of near-and far-field radiation patterns for advancements in infrared spectroscopy, sensing, signaling, communications, coherent thermal emission, and infrared photodetection.
T hermal emitters are used in a wide array of applications covering a broad frequency range. At visible and nearinfrared frequencies, thermal emitters are used for lighting (e.g., incandescent light bulbs), heating, and energy harvesting (e.g., thermophotovoltaic solar cells), 1, 2 while in the mid-infrared, they are utilized as light sources for infrared spectroscopy, sensing, and imaging. 3−5 Conventional thermal emitters are based on black-or gray-body radiation (e.g., silicon carbide glowbars) and give off a broadband spectrum covering a few 1000 cm −1 . However, thermal emitters with a narrowband spectrum (<50 cm −1 ) are highly desired, for example, in infrared photodetection, 6 nondispersive infrared sensing, 7, 8 and molecular spectroscopy. 8, 9 In order to reduce the line width of thermal emission, concepts based on the resonant modes of photonic crystals 10, 11 and plasmonic 12−15 and phononic microantennas 16−20 have been developed. Engineering of the optical modes within photonic crystals has recently resulted in thermal emission line widths of approximately 10 cm −1 . 10, 11 In contrast, thermal emission line widths of 100 cm −1 have been realized within plasmonic perfect absorbers.
12−14 However, with careful design of a plasmonic band gap using gold gratings, reductions in line widths to 10 cm −1 have also been shown. 15 This reduction in line width is tied to the diffractive orders of the gratings though; thus the radiation pattern of the thermal emission and the line width become intimately entwined.
A promising alternative to photonic crystals and surface plasmon polaritons (SPPs) is found in surface phonon polaritons (SPhPs), which are supported in polar crystals (e.g., SiC 16−20 ) and have also been used for narrowband thermal emission. Unlike the SPP counterparts, SPhPs are only supported in a defined frequency range between the transverse (TO) and longitudinal optical (LO) phonons of the material, which for SiC occurs at ∼797−972 cm −1 (10.3−12.5 μm). This spectral region is referred to as the "Reststrahlen band" and corresponds to the real part (ε 1 ) of the dielectric function becoming negative and strongly dispersive ( Figure 1a) . 21, 22 By changing the material (such as SiC, 16 ) , SPhP resonances can be realized throughout the spectral range, extending from roughly 6 to 325 μm. 33, 34 Importantly, SPhPs exhibit optical lifetimes that are orders of magnitude longer than SPPs, thereby resulting in much lower optical losses, as observed in the exceptionally low values of the imaginary part (ε 2 ) of the dielectric function in Figure 1a . The combined virtues of low optical losses and the polaritonic dispersion allow the realization of narrowband thermal emitters with deeply subdiffractional geometries and exceptionally narrow, highly absorptive resonances. For instance, by using the propagating SPhP modes in SiC gratings 16−19 and the localized SPhP resonances in SiC whiskers, 20 thermal emission with line widths as narrow as 5 cm −1 have been observed. However, up to now, narrowband thermal emission is mainly controlled at the micrometer length scale by the grating period 10−12,14−19 or the antenna dimension. 13, 20 In the realm of ultracompact optical sources and devices at infrared frequencies, there is a need to scale down the size of those narrow-band thermal emitters and to control their thermal emission at the nanometer scale. In addition, this provides the ability to independently control both the thermal emission frequency, line width, and radiation pattern through the nanoantenna particle and array design.
Here, for the first time, we experimentally demonstrate that nanometer gaps within nanoscale 4H-SiC bowtie antennas can be used to control the narrowband thermal emission frequency throughout the Reststrahlen band with emission line widths as narrow as 10 cm . Consistent with the results of Schuller et al., 20 we also show that the emission polarization is determined by the geometry of the underlying nanoantennas. Using nanoscale imaging of the optical fields through the use of scattering-type scanning near-field optical microscopy (s-SNOM), 25, 30 we have mapped the local SPhP field distributions and have successfully correlated these to electromagnetic simulations with good qualitative agreement. This correlation provides strong support that such simulations can offer the predictive design of the thermal emission spectra and near-and far-field radiation patterns.
■ RESULTS AND DISCUSSION
Design of SPhP Bowtie Antennas with Nanoscale Gaps. To demonstrate and investigate the nanoscale control of thermal emission, we fabricated bowtie-shaped 4H-SiC nanopillars with nanoscale gaps (Figure 1b,c) , following the procedures outlined in refs 23 and 24. Each phononic bowtie antenna consists of two triangular nanopillars with a base W and height L (W = L = 600 nm) that are pointing at one another and have a height h ≈ 1 μm (Figure 1b ). These nanoantennas were fabricated using electron beam lithography and reactive ion etching into a 4H-SiC semi-insulating substrate, 23, 24 resulting in nanostructures protruding from and still physically attached to the underlying SiC substrate. In an effort to adjust the interparticle coupling and, accordingly, the resonance (emission) frequency, the gap g between the bowtie tips was varied from nominally 0 (touching) to 90 nm in approximately 15 nm increments. SEM measurements determined g = 0, 25, 35, 50, 65, 80, and 95 nm at the top surface of the bowtie components. However, as shown from the SEM images, this gap is not uniform along the height, with up to a ∼50% gap variation observed due to the etching process. For each gap size, bowtie-shaped nanopillars were arranged into a periodic array with a period p = 2 μm center-to-center and covered a total area of 50 × 50 μm 2 . The shape and relative position of bowtie antennas have direct implications on their coupling and resonance behavior. In comparison to the previously studied circular-shaped and cylindrical SPhP antennas (or resonators), 23−26 the bowties possess sharp corners and small gaps at the nanometer scale. Thus, they provide stronger local field enhancements and a higher sensitivity to changes in gap, 35−39 thereby providing a nanometric "knob" to tune the emission spectra, while retaining the same overall form factor. In the case of the incident electric field being aligned perpendicular to the bowtie long axis, the two nanopillars act as two weakly interacting, triangular-shaped antennas. In contrast, with the incident field aligned parallel to this axis, the tips of the adjacent triangles in the bowtie antenna strongly couple and the resonance frequency, amplitude, and line width depend directly upon the gap size. Thus, not only does this geometry provide an anisotropic emission response, but it also provides the opportunity by changing the bowtie gap to independently control the emission in one orientation (parallel), while nominally leaving the other unchanged (perpendicular). In this Article we will focus on this parallel case, with a full spectroscopic analysis and polarization dependence to be presented elsewhere.
Measurements of Gap-Dependent Far-Field Reflection and Thermal Emission. To examine and understand the thermal emission spectra of the bowtie antennas, we first 
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Article measured their reflectance spectra at both room (20°C) and elevated temperatures (350°C), with the latter also serving as the temperature for the collection of the thermal emission spectra (see Methods). In the reflectance spectra of the bowtie arrays with a 50 nm gap ( Figure 2a ) at both room (black curve) and elevated 350°C (red curve) temperatures, four primary, localized SPhP modes (labeled A 1 to A 4 ) are observed. At 350°C
, a spectral red-shift is induced due to 4H-SiC lattice expansion; 16, 20 however, otherwise the spectra remain nominally unchanged.
The thermal emission spectrum (measured at 350°C, blue curve) of bowtie nanoantennas with the ∼50 nm gap is presented in Figure 2a , with the four resonances being correlated to those observed in the reflectance spectra. In addition, the polarization selection rules and approximate line widths of the resonant modes were also retained in the far field, clearly indicating that these nanostructures have the potential to serve as solid-state, narrow-band polarized light sources in the infrared spectral domain. The resonance frequency and amplitude of the thermal emission show a clear dependence on the gap size, especially for the modes A 2 and A 3 ( Figure 2b ). In particular, when g decreases from 95 nm to 0 nm, the resonance peak of mode A 2 was found to shift ∼10 cm to 872 cm −1 , while a similar ∼9 cm −1 shift was found for A 3 , shifting from 905 cm −1 to 896 cm −1 . The relative emittance of A 2 and A 3 also depends upon g, with A 3 dominating the emittance spectra at large gaps, with ∼24% larger emittance than A 2 at this widest gap. However, at g = 50 nm, the emittance of the A 2 mode overtakes A 3 , eventually resulting in ∼53% larger emittance for the A 2 mode than A 3 at g = 25 nm (see Supporting Information Figures S2 and S3 ).
While the amplitude of the thermal emission dictates the brightness of these optical sources, the monochromaticity is expressed by the emission line width. A good figure of merit for this, the quality factor (Q = ω res /Δω res ), also takes into account the emission frequency and was quantified for the four resonances observed as a function of g. Here, ω res and Δω res represent the resonance frequency and line width, respectively. As shown in Figure 2b , Q is nominally independent of the gap size. Quantitatively, the line widths of the four emission modes were extracted using a Lorentzian line shape and determined to be ∼10 cm −1 for A 1 and ∼18 cm −1 for the other modes. This results in corresponding thermal emission Q-factors of ∼80, 70, 50, and 55 for A 1 , A 2 , A 3 , and A 4 , respectively. The Q-factors of these four resonances are comparable to (or better than) thermal emission resonances in SiC gratings 16−19 and SiC whiskers. 20 However, in contrast to those structures, here the narrow line widths are obtained from isolated, deeply subdiffractional structures. While the four resonances observed in this sample overlap, resulting in a broader overall spectral bandwidth than any single resonance, it is important to note that the number of resonances and their quality factors can be engineered by careful choice of individual nanostructure geometry. For example, a single, narrowband thermal emission peak can be obtained in a cylindrical nanopillar of SiC 23, 24 (see Supporting Information Figure S4 ). Further research might be necessary to identify an optimal configuration of the nanoantennas that would provide the largest quality factor, emission spectral properties, and far-field radiation pattern for a given application, although the results provided here indicate that this design can benefit from careful nanoscale control of the interparticle separations.
Numerical Simulations and Near-Field Optical Characterization. In order to identify the physical nature of the resonances in the thermal emission spectra, we have further analyzed the experimental and simulated reflectance spectra. To fit the experimental data, we considered the anisotropy of SiC in the simulations. The overall spectral shifts induced through the modification of bowtie gap size are most clearly understood through comparison of the series of experimental and simulated (see Methods) reflectance spectra presented in Figure 3a ), A 2 and A 3 display distinct red-shifts as the gap is reduced, with the shifts being consistent with thermal emission spectra described above. Upon close inspection, it is clear that the "A 2 " resonance is actually two overlapping SPhP modes centered ∼880−890 cm −1 at 95 nm gaps and undergo a ∼5 cm −1 red-shift with decreasing bowtie gap down to 35 nm. Further gap reduction to 25 nm induced another ∼5 cm −1 redshift to ∼875 cm −1 . This drastic increase in the rate of the resonance spectral shift is consistent with the well-known plasmonic coupling or plasmon hybridization effects typically discussed in terms of plasmonic "hot-spots". 40, 41 To our knowledge, SPhP-based "hot-spots" have not been reported. Such highly localized optical fields have been shown in plasmonic systems to drastically enhance light−matter 
Article interactions, for instance enabling single-molecule detection via the surface-enhanced Raman scattering effect or surfaceenhanced fluorescence. 35 Upon further reduction of the bowtie gap, the red-shift is reversed, as the further reduction from 25 nm to 0 nm results in a blue-shift for the A 2 mode, and no further shift for A 3 is observed. This may be related to nonlocal or quantum effects of SPhPs similar to close-to-touching plasmonic bowtie antennas. 37, 42 Different from the quantum plasmonic resonance, 37,42−44 free electrons are not responsible for the SPhP resonance; thus field screening effects and/or new theories based on the coupling of phonon-polaritonic vibrations between near-touching SPhP resonators are desired to fully understand the possible quantum effects of SPhPs.
In addition to the experimental and simulated reflectance, we also provide the simulated surface-charge densities (Figure 3d ) and the electric field distributions (Figure 4a ) for those resonance modes. Through comparison of near-field optical amplitude and phase images (Figure 4b−d) recorded by using an s-SNOM 25,30,45−47 (details in Methods) to these calculated spatial plots, their validity can be corroborated. Due to restrictions of the laser-covered wavelength range (see Methods), the s-SNOM images were collected at the closest possible frequency to each resonance for the modes A 2 −A 4 , while the A 1 mode was outside of our accessible spectral window. Such near-field modal distributions (Figure 3d and Figure 4 ) offer direct insight into the physical origin of the resonances; that is, they provide the necessary understanding of the observed resonance to explain the observed spectral shifts with gap size and enable the eventual control of the modal properties of the thermal emission radiation patterns in the near and far field.
For the resonance peak A 1 (∼864 cm
), the surface charge density is fairly evenly distributed across the nanopillar top surface, with the strongest localization of charge occurring about the base of the structure. This charge distribution is also symmetric about the gap (Figure 3d) , with a large uniform charge distribution on the substrate that balances the opposing charge present in the pillars. Such a charge density distribution is consistent with the "monopolar" resonance mode for cylindrical nanopillars 23, 24 and is a result of the presence of a negative permittivity substrate. As can be inferred from the surface charge density distribution of this A 1 mode, almost no interaction across the gap is expected, and thus the resonance frequency should not depend upon the bowtie gap size, consistent with the spectral data (Figure 3a,b) .
In contrast to A 1 , the resonance peak A 2 (∼890 cm −1 ) exhibits a strong dependence upon the gap size and the surface charge is found to be primarily distributed on the top surface and along the closest facing sidewalls of the bowtie nanopillars. This local charge distribution is consistent with a dipole 
Article resonance established in each triangular nanopillar along the long axis of the bowtie, being antisymmetric across the bowtie gap (Figure 3d ). In the simulated field distribution (Figure 4a ), the nanoantenna yields stronger near fields at the gap and the corners of the bowtie, indicating that this mode consists of strongly coupled, localized near fields at the center of the gap. Such a coupled dipolar field distribution is consistent with optical modes observed in planar plasmonic bowtie antennas 35−37 and the spectral red-shift of the A 2 mode in the reflectance spectra, resulting in "hot-spot" formation and ultrasmall mode volume on the scale of (λ/20) 3 . Such hotspots could potentially find additional utility in the design of substrates for surface-enhanced infrared absorption (SEIRA). We note that the experimentally recorded field distribution (Figure 4b) is not as symmetric as the simulated results ( Figure  4a ). It is assumed that this may be due to the nonzero tip influence (e.g., the Si tip exhibiting a high refraction index) under a large illumination angle (about 60 degrees off-normal) in the measurements. Further systematic s-SNOM experiments are required to interpret the observed asymmetric near-field distribution. However, the close qualitative agreement between experiment and theory provides strong evidence that the electromagnetic simulations provide an accurate picture of the near-field distributions and thus can be useful for predictive design of infrared thermal emitters.
As in the case of the A 2 resonance, a similar, if more continuous, spectral red-shift with decreasing bowtie gap size is observed for A 3 (∼910 cm −1 ). However, the charge density distributions are indeed quite different. In this case, the charge is highly localized near the base of the antenna close to the substrate. Analogous to A 2 , the distributions between the two triangular nanopillars of the bowtie are also antisymmetric across the gap (Figure 3d ), again inferring a strong near-field coupling between the two closely spaced nanostructures with ultrasmall mode volume. Such field coupling across the bowtie gap is also seen in the simulated field distribution (910 cm −1 , Figure 4a) . The s-SNOM image at 905 cm −1 (Figure 4b , close to the resonance A 3 at 910 cm −1 ) shows that the near fields are localized toward the edges on the top surface of the bowtie. Compared to A 2 , the mode A 3 has a weaker near-field amplitude (Figure 4a,b) , which corresponds to the lower reflectance dips (Figure 3a,b) and thermal emission signal of the A 3 mode at g = 50 nm (Figure 2b ). Although the simulated and recorded amplitudes are different, both the simulated and 
Article recorded phase are indeed similar. This could be understood by the fact that the laser wavelength used for the s-SNOM is slightly off-resonance. For such a sharp resonance, the slightly shifted wavelength modifies the amplitude with a less pronounced influence upon the phase.
Finally, the mode A 4 (∼960 cm −1 ) does not exhibit any significant shift with the changing bowtie gap, including a lack of dependence for the peak amplitude as well. In this case, the charge distribution is found to be primarily confined along the antenna sidewalls outside the bowtie gaps (Figure 3d) . The fields are also uniformly distributed across the top surface of the bowtie, as shown in the simulated and measured field distributions (Figure 4a,b) . As very little charge and field are localized along the bowtie sidewall within the gap, it is not surprising that this mode exhibits very little dependence upon changes in the gap size.
The observed modal behaviors of the bowtie antennas are indeed very sensitive to the small change of the gap size. As shown in Figure 4c and d, we clearly observe variations of the field distributions in different bowties (such as I and II labeled in Figure 4c ) from the same array, as they exhibit slight variations in gap due to the nonuniform fabrication. This further confirms that the resonance frequency and near-field distributions of the antenna modes in our bowties can be strongly controlled by small changes of the bowtie gap size and infer that better uniformity would result from a further reduction of the observed line width.
■ CONCLUSIONS
In conclusion, we have demonstrated the realization of narrowband, polarized, solid-state thermal emitters based on periodic arrays of SiC bowtie nanoantennas. By varying the gap size between the triangular nanopillars that make up the bowtie nanoantennas, direct control of the coupling strength of certain SPhP modes was observed and thus has experimentally proven nanoscale control of the narrowband thermal emission spectrum. By correlating the thermal emission spectra to the far-field reflectance, scanning near-field imaging, and numerical simulations, the narrowband thermal emission can be understood as the result of the correspondingly narrowband SPhP resonances of the SiC bowtie nanoantennas. These observations imply that localized SPhP resonators can provide an avenue toward low-power, polarized, close to monochromatic thermal emitters useful for molecular sensing, SEIRA spectroscopy, free-space communications, and infrared signaling.
The design of such compact infrared sources also provides access to solid-state, narrowband infrared sources in spectral ranges where currently none exist and could therefore result in currently unanticipated advances in applied spectroscopy and optical engineering. By changing the geometric shape (such as cylinder nanopillar), height, or the interparticle spacing, such narrowband thermal emission may be tuned throughout the entire Reststrahlen band of a given material. 23−27 By photoinjection of excess free carriers 48 and phase change materials, 49 it is possible to actively control the SPhP-based narrowband thermal emission. This, therefore, provides a direct path toward the realization of amplitude or frequency modulation of these narrowband thermal emitters that can enable an even broader palette of applications, specifically for IR communications or beacons. Furthermore, by using other polar crystals, our thermal emitters can in principle be designed to cover the frequency range between 6 and approximately 325 μm (50 to 0.92 THz). 33, 34 The long-wavelength limit on such approaches will of course be dictated by the obvious limitations in the thermal energy available at any chosen spectral frequency.
■ METHODS FTIR Reflectance and Thermal Emission Measurement. The reflectance and thermal emission spectra were taken with a Bruker Vertex 70 Fourier transform infrared (FTIR) spectrometer in combination with a Hyperion 2000 infrared microscope. All spectra were collected using the same custom-modifed Bruker microscope-based FTIR spectrometer similar to the setup in ref 20 . A thermal stage (Linkam FTIR 600, Linkam Scientific Instruments, UK) was used to heat the sample with a controllable heating rate and maintain a stable temperature with variations of <0.1°. A 15× (numerical aperture, NA = 0.4) Cassegrain objective with a weighted average incidence (or collection) angle of about 17°is used for the thermal emission and reflectance measurements in Figure 2 and Figure 3 . Both the reflectance and the thermal emission spectra of the SiC bowtie-shaped nanopillar arrays could be sequentially measured without changing spatial position or aperture size. The FTIR reflectance and thermal emittance spectra were recorded using an MCT (mercury cadmium telluride) detector. During all experiments, knife-edge apertures were set to form a measurement area about 60 × 60 μm 2 . For reflection measurements, a polarizer was inserted in the optical path before the sample to polarize the light linearly with the electrical field vector along the long axis of the 4H-SiC bowtie antennas. All reflectance spectra were collected in reference to a flat gold mirror at the same conditions (temperature, polarization, and aperture size). For the case of thermal emission, the polarizer parallel to the long axis of the bowtie antenna was also used in the emission collection path. The emittance spectra have been recorded with 400 scans and a resolution of 4 cm . As all resonance line widths were found to be in excess of 10 cm −1 , the different spectral resolution did not negatively impact the comparison.
Full-Wave Numerical Simulations. Full-wave 3D simulations have been performed using a commercial solver, CST Studio Suite. Plane-wave excitation in combination with Floquet Mode Ports has been used to model the experiment setup and to calculate a reflectance spectrum and field distributions. Periodic boundary conditions have been used in the lateral direction. Reflectance spectra calculations have been performed for an incident angle of 17°to match experiments, while the field profiles are calculated for an incident angle of 60°to better match the experimental conditions used in the s-SNOM measurements. To simulate the material response of the 4H-SiC, an anisotropic uniaxial model of its dielectric function 50 has been extracted and fitted to experimental data (Supporting Information S1).
Near-Field Optical Characterizations. Our s-SNOM (from Neaspec) is based on a tapping-mode atomic force microscope (AFM) in which a sharp, usually metallic tip (radius ∼30 nm) works as a scanning optical antenna for probing highresolution near-field optical information. 25,30,45−47 However, it has been demonstrated that, when the s-SNOM is used to characterize a resonant optical antenna, the metallic tip can distort the actual field distribution of the antenna mode due to the strong tip−antenna interaction. 45 To avoid this distortion, we instead use a dielectric Si tip to probe the actual near fields of the SiC bowtie antenna. 25 , Edinburgh Instruments), and the backscattered light from the tip is collected.
The p-polarized incident light is parallel to the bowtie antenna, whose direction is marked by an arrow in Figure 4c . Since the tip-induced polarizability is dominated along the outof-plane (z) direction, the s-SNOM probes primarily the zcomponent of electric fields, namely, E z . To suppress background scattering from the tip shaft and the sample, the tip vibrates with an amplitude of about 50 nm at a tapping frequency of ∼270 kHz, and the detector signal is demodulated by higher harmonic n (for the experiments shown in Figure 4 , n = 2). By interferometric detection, the near-field optical amplitude s n and phase φ n are obtained. The maximum scan range in the z-direction of our s-SNOM is 2.5 μm, which allows for imaging of the local field distribution on the top surface of the ∼1 μm high bowtie structures. We present the measured field distributions (amplitude s 2 and phase φ 2 ) on the top surface of a typical bowtie antenna (from the array with g = 50 nm) in Figure 4b . The fields from the substrate in the area outside the bowtie top surfaces are masked by the dark blue color in an effort to highlight the near fields on the bowtie top surfaces (see Supporting Information, Figure S5 for the complete image).
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